ZnO deposition on metal substrates: Relating fabrication, morphology, and wettability J. Appl. Phys. 113, 184905 (2013) ZnO films were grown by atomic layer deposition at 35 C on poly(methyl methacrylate) substrates using diethylzinc and water precursors. The film growth, morphology, and crystallinity were studied using Rutherford backscattering spectrometry, time-of-flight elastic recoil detection analysis, atomic force microscopy, scanning electron microscopy, and x-ray diffraction. The uniform film growth was reached after several hundreds of deposition cycles, preceded by the precursor penetration into the porous bulk and island-type growth. After the full surface coverage, the ZnO films were stoichiometric, and consisted of large grains (diameter 30 nm) with a film surface roughness up to 6 nm (RMS). The introduction of Al 2 O 3 seed layer enhanced the initial ZnO growth substantially and changed the surface morphology as well as the crystallinity of the deposited ZnO films. Furthermore, the water contact angles of the ZnO films were measured, and upon ultraviolet illumination, the ZnO films on all the substrates became hydrophilic, independent of the film crystallinity.
I. INTRODUCTION
The characteristics of polymers, such as lightness, resilience and flexibility, transparency, and ease of processing give advantages in applications varying from domestic items and packaging to highly sophisticated microfabricated devices. Synthetic thermoplastic poly(methyl methacrylate) (PMMA) is one of the most applicable of amorphous polymers. Due to its transparency, it is used in optical and optoelectronic applications. 1 It is also widely used material in microelectromechanical systems. 2, 3 PMMA is biocompatible and can therefore be used in medical applications, e.g., in tissue engineering and microfluidic lab-on-chip devices. 4, 5 The performance of the polymer in these applications can further be improved by introducing surface engineering, such as functionalized thin film coatings. 6 One of the interesting coating materials is zinc oxide (ZnO). ZnO is a semiconducting oxide with a wide band gap of 3.37 eV, and it has many advantageous properties, such as thermal and electrical stabilities and optical transparency. 7, 8 Having antibacterial and barrier characteristics, ZnO thin films can be applied in food packaging 9, 10 and also be used in catalytic applications and surface wetting adjustment due to the photoactivity of ZnO. 11 The possibility to reversibly control the surface wettability from hydrophobic to hydrophilic is especially interesting in applications such as liquid transportation in microfluidic devices. 12 The temperature sensitivity of most polymers sets limits to the surface modification by thin film deposition. 13, 14 Atomic layer deposition (ALD) is a technique for producing thin films based on repeated cycles of self-limiting gas-solid surface reactions. 15, 16 Though in vacuum environment the deposition temperature is not necessarily limited to the normal operation temperatures of the polymers, the lowest possible deposition temperatures come into question in applications where the other polymer properties, such as glass transition and thermal expansion, can affect the resulting thin film quality. This is especially important in the cases of micro-and nanostructuring of the polymers, in which ALD is an otherwise superior method due to the conformal film growth. As a drawback, lower deposition temperatures require longer deposition times due to the lower reactivity of the precursors and longer purge times between the precursor pulses. Low-temperature deposition can also lead to an increased amount of impurities in the film. 17 Plasmaenhanced atomic layer deposition has been considered as a possibility to lower the substrate temperature without increasing the deposition time, but in the case of polymers, the ion bombardment and electromagnetic radiation of the plasma can cause damage to the substrate. 18 The most common ALD process for ZnO uses diethylzinc (DEZ) and water precursors. 15 DEZ has high vapor pressure and reactivity with water, and the process is stable at temperatures even as low as room temperature; thus, ALD can be used to produce good quality ZnO thin films for polymers and other temperature sensitive substrates. 10, 19, 20 The ALD growth on polymers is strongly dependent on the nature of the polymer and on the ALD precursors. 11, 21 For some polymers, reactive sites that can covalently bind the reactants at the initial stages of deposition are not available and the deposition initiates only after a certain number of cycles. 22 Many polymers are permeable to small molecules, which allow the diffusion of the precursors into the bulk. It has been shown that in one of the most studied processes, ALD Al 2 O 3 using trimethylaluminum (TMA) and water, TMA diffuses into the subsurface region of the polymer where it is kinetically trapped and reacts further with water either beneath or at the surface to form nuclei. The extent of the a) Electronic mail: mari.napari@jyu.fi diffusion and the subsurface growth is dependent on both the temperature and the exposure time of the reactant. 22 The subsurface growth affects on the structure of the polymer substrate/film interface as well as the surface roughness of the film. 21, 22 Parsons et al. 21 introduced another possible mechanism for TMA reaction with PMMA. In this mechanism, the Lewis-acidic TMA reacts with the Lewis-basic carbonyl groups on PMMA side-chains. The reactions lead to the degradation of the PMMA and promote the precursor diffusion into the subsurface region. Similarly to the case of TMA, this reaction mechanism can govern the surface reactions with Lewis-acidic DEZ and PMMA. Having a smaller size and linear structure, the DEZ molecules may diffuse even deeper into the polymer.
In this work, ZnO films were deposited on two grades of PMMA substrates by low-temperature ALD, and the film growth and structure were analyzed with several characterization methods. On the growth studies, the emphasis was on the diffusion of the DEZ precursor and the growth-initiating subsurface nucleation during the deposition. The depositions were made on two polymer substrates that are similar in chemistry but differ in other surface properties such as porosity. Furthermore, the influence of the deposition of Al 2 O 3 seed layer to the ZnO film growth, morphology, and crystallinity was investigated. Additionally, the photoinduced changes in the surface wetting properties of the deposited ZnO films on PMMA were studied. The reversible control of surface hydrophilicity/hydrophobicity of the ZnO films grown by ALD has applications in microfluidics, where thin functional coatings on patterned polymer platforms can be used to manipulate the fluid flows.
II. EXPERIMENT A. Thin film deposition
Two types of PMMA substrates were used, 1 mm thick bulk commercial grade sheet (Evonik Plexiglas XT) and PMMA films made from e-beam resist (MicroChem MW 950 kDa 11% in Anisole), spin coated on 10 Â 10 mm 2 silicon wafer and baked on a hot plate at 160 C for 2 min, resulting in film thickness of 2-2.5 lm. The bulk PMMA was rinsed with isopropanol to remove the possible residues from the protective foils of the PMMA sheet. Beside the PMMA, silicon (111) was used as a reference substrate in all the depositions. The native oxide on the Si surface was not removed. ZnO films were deposited at 35 C using Beneq TFS-200 reactor. Prior to the deposition, the polymer substrates were held in vacuum in the reactor load lock for the removal of the absorbed water from the PMMA. DEZ (!95%, Strem Chemicals Inc., and electronic grade from SAFC Hitech) and deionized water were used as precursors and nitrogen as the carrier and purge gas. The reactor pressure was 5 mbars during the depositions. The deposition cycles for ZnO were either 0.15/30/0.15/30 s or 0.3/30/0.3/ 30 s (DEZ/N 2 /H 2 O/N 2 ). Long purge times were used to ensure an efficient removal of the precursors and reaction by-products from the substrates. For the growth studies, the number of ZnO cycles varied from 100 to 800. Additionally, samples with 1600 cycles of ZnO were deposited to investigate the crystallinity of the ZnO films on PMMA. 24 The ion fluence in RBS measurements was normalized against the beam chopper and Si reference sample to gain the normalized Zn areal densities of the films. Additionally, the thicknesses of the films deposited on Si substrates were measured using optical ellipsometer (Rudolph AutoEL III). The elemental composition and film impurities were investigated using time-offlight elastic recoil detection analysis (ToF-ERDA) 23 26 The surface topography and morphology were studied with atomic force microscopy (AFM) (Digital Instruments, Dimension 3100 Nanoscope, Veeco Metrology Group) and scanning electron microscopy (SEM) (Raith E-line, acceleration voltage 3 kV). The ZnO crystallinity was examined by powder x-ray diffraction (XRD) (PANalytical X'Pert PRO diffractometer, Cu Ka 1 ; k ¼ 1.5406 Å , 45 kV, 40 mA) and analyzed with X'pert HighScore Plus program implemented with the ICDD PDF-4þ powder diffraction database. The water contact angles were measured using the sessile drop method. Droplets, 5 ll of deionized water, were produced using a micropipette mounted to a linear translation stage for accurate deposition. The profile of the droplet on the sample surface was imaged with a high speed camera (Redlake Motion Pro X3), and the images were analyzed with a DropSnake plugin for ImageJ program. 27, 28 Frame rate of 10 frames per second was used to capture the dynamics of the wetting within the 30 s measurement time. For every measurement point, the average value of contact angles measured from 2 to 3 locations on the sample was taken. To study the UV-induced hydrophilicity, UV illumination was accomplished using 350 W UV400 Hg lamp of a Karl Suss MA45 mask aligner (i-line 365 nm peak intensity ca. 6 mW cm À2 ). The samples were illuminated for 15 min. Prior to the illumination, the samples were rinsed with deionized water, dried with nitrogen and kept in a dry and dark environment for 2-3 days.
III. RESULTS AND DISCUSSION
A. ZnO growth on PMMA
The growth per cycle of ZnO determined with ellipsometry from the deposited films on Si was $0.8 Å /cycle, which is in agreement with the previous studies of low-temperature ALD of ZnO. 10 The slow growth is due to the lower reactivity and incomplete surface reactions with DEZ and water. 19 As the film thicknesses on PMMA could not be directly measured due to the nonuniform growth during the first hundreds of deposition cycles, the film growth was studied by measuring the Zn areal density of the films using Rutherford backscattering spectrometry. Figure 1 shows the areal density of the Zn in the units of atoms per square centimeter as a function of ZnO deposition cycles. The surface topography of the commercial bulk PMMA (b), leading to larger surface area, was measured with AFM and it is taken into account in the normalization.
The initial growth on PMMA is slower than on the Si substrate. After 400-500 deposition cycles, the growth becomes more linear, which may indicate a full surface coverage after which the ALD growth is surface-limited. Even after the assumed full film surface coverage, the growth per cycle on Si is approximately 1.4 times higher than that observed on the PMMA substrates. The nonlinear growth of ZnO on PMMA on the first 400 cycles is assumed to be governed by the limited adsorption of DEZ onto PMMA. The differences in the growth between the PMMA substrates cannot be explained only by the AFM measured topography of the bulk PMMA, but by the differences in the nanoscale roughness and/or porosity of the two PMMA grades. It can be assumed, that the DEZ precursor diffuses more easily into the more porous bulk PMMA and is kinetically trapped. The trapped DEZ molecules can subsequently further react with water and start the subsurface nucleation. On the spin coated PMMA, the oxide formation reactions are limited on the denser surface of the substrate with less reactive sites for the DEZ adsorption, delaying the initialization of the nucleation and thus leading to the slower growth. Another explanation can be the significantly higher surface area due to the nanoscale roughness of the commercial grade material. In this case, the adsorption mechanisms of the DEZ precursor are the same for both PMMA grades, but the increase in the available adsorption sites leads to the faster ZnO growth and Zn areal density increase on bulk PMMA. Figure 2 shows the Zn peaks from RBS spectra measured from ZnO films on different substrates after (a) 300 and (b) 800 ALD cycles. Clear differences in Zn peak widths and areas between the bulk and spin coated PMMA can be observed. In Fig. 2(b) , the surface of the bulk PMMA is saturated, followed by the surface limited growth, which can be seen as similarity of the peak shapes at the film surface (higher energies). Films grown on Si are shown as references.
When deposited on the Al 2 O 3 seed layer, the growth of ZnO is substantially enhanced compared to the direct deposition on the PMMA. This is likely due to the presence of the reactive hydroxyl groups on the Al 2 O 3 for DEZ surface adsorption. Unlike ZnO, Al 2 O 3 grows linearly on PMMA substrate already after 20 deposition cycles, which was verified both with the RBS and ToF-ERDA measurements. It has been reported that the nucleation stage of Al 2 O 3 on most polymers takes only 10-20 cycles, after which the growth becomes linear. 6, 22 When deposited on the aluminum oxide layer, the growth of ZnO on PMMA resembles the growth on Si substrate as shown in Fig. 3 , and there is no difference between the ZnO film deposited on the bulk PMMA with that the Al 2 O 3 layer acts as a barrier preventing the diffusion of DEZ into the polymer subsurface region. There were no differences in ZnO films deposited on Al 2 O 3 layers with thicknesses of 20 and 50 ALD cycles. However, when deposited on the Al 2 O 3 layers, the initial ZnO growth per cycle is lower on the spin coated PMMA than on the bulk, which can be explained by the different surface areas arising from the nanoscale porosity of the bulk PMMA substrate. To compare the results from the RBS measurements to the film topography, the ZnO films on PMMA substrates were measured with AFM. As shown in Figs. 4(b)-4(f) , the films grow on PMMA by island-type growth, which is typical for ZnO on polymer substrates. 10 After 200 cycles, only minor surface area is covered with ZnO islands (diameter 10-15 nm) and the number of islands and size increases until the diameter reaches 30 nm, after which it remains constant with increasing surface coverage. At the same time, the total film surface RMS roughness increases from 0.5 to 6.0 nm, being highest at 600 deposition cycles after which the roughness decreases to around 4 nm. After the initial nucleation, the reactions take place more readily on the ZnO grains instead of the polymer surface, which leads to the larger grain size throughout the film thickness resulting also the increased surface roughness. The increased roughness and grain size of the 800 cycles ZnO deposited directly on bulk PMMA can similarly be seen from the SEM image in Fig. 5(a) .
Depositing the intermediate Al 2 O 3 layer has an effect also on the surface topography of the ZnO film [ Fig. 4(a) ]. The ZnO grown on the Al 2 O 3 layer has smaller and more uniform grain size (<10 nm) with a smoother surface, RMS roughness being 1.0 nm, which is similar to the films deposited on Si. In the films deposited on the Al 2 O 3 , the film topography also appears to be independent on the ZnO film thickness. Figure 5 shows the SEM images of the 800 ZnO cycles deposited directly on the PMMA surface and on top of the 50 cycles Al 2 O 3 layer. The grain size and roughness are the same as with 200 cycles of ZnO on the Al 2 O 3 as presented in Fig. 4(a) .
The elemental compositions of the ALD ZnO were determined from the films deposited on the silicon substrate using ToF-ERDA. The films were close to stoichiometric composition within the measurement uncertainty. The only visible impurities were hydrogen (6 6 1 at. %) and carbon (<0.5 at. %). The measurements on the PMMA substrates were kept short to minimize the sample damage caused by the heavy ion bombardment. On the polymer substrate, the 
B. Crystallinity
The polycrystalline growth of ALD ZnO at low temperatures on Si has been previously reported by Malm et al. 19 According to their study, the crystal orientation of the films is strongly deposition temperature dependent, being hexagonal (002) dominant at temperatures below 70 C, with the caxis perpendicular to the substrate surface. However, the crystallinity of ZnO at low temperatures depends also on the film growth rate and the substrate. Deposited at 35 C, the ZnO on silicon substrate was found to be partially crystalline with c-axis orientation, which in agreement with the previous studies. When grown on the PMMA substrate, the ZnO film was amorphous even after 800 deposition cycles with almost no indication of crystal orientation, despite the grain structure of the film, as shown in Fig. 7 . When the number of deposition cycles is increased to 1600, the strong hexagonal (002) diffraction peak can be identified in the XRD pattern diffraction peak is lower compared to the diffraction peaks arising from the ZnO films deposited on the Si substrate.
C. Wetting
The hydrophilicity of ZnO coated PMMA was studied using water contact angle measurements. As-deposited ZnO is hydrophobic, having a contact angle of 110 on Si. On PMMA, there was more variation on as-deposited films due to the surface roughness, contact angle being 75 on average. The contact angle is significantly reduced by UV exposure. On films deposited on Si substrate, the contact angle is approximately constant at ca. 25 after the illumination, independently of the film thickness. On PMMA, the contact angle decreases with increasing film coverage, from the 71 of the native PMMA to 25 , as shown in Fig. 8 . The water contact angle is somewhat affected by the ZnO film roughness, causing local variations to the values measured within the same sample. When the ZnO is deposited on the Al 2 O 3 intermediate layer, the water contact angle is independent on the used substrate. No changes in the contact angles were detected within the measurement time, which indicates the stability of the ZnO surface when in contact with water. The reversible photoinduced changes in the wettability of semiconducting oxides, TiO 2 and ZnO, is typically realized on crystalline films. 12 As shown in Fig. 7 , the films on PMMA substrates grow amorphous, possessing still the same properties as the more crystalline ZnO deposited on crystalline substrates. Though no photoinduced superhydrophilicity was achieved with used illumination doses, the water contact angles of the films decreased on the polymer surfaces. This gives a possibility to surface wettability control which can be used, e.g., in analytical applications and microfluidics by fabricating hydrophilic flow channels by masked UV illumination.
IV. CONCLUSIONS
Zinc oxide thin films using diethyl zinc and water precursors can be grown at low deposition temperatures on PMMA. At 35 C, the uniform film growth is initialized after several hundred of deposition cycles, preceded by island-type growth. There was a clear difference in growth on two types of PMMA used in the study. When deposited on bulk PMMA, the DEZ precursor penetrates into the porous polymer initializing the subsurface nucleation, which was not observed in the case of the spin coated PMMA substrates. After full film coverage, the resulting films had rough topography with large grain structure. On Si, ZnO grew as polycrystalline film, whereas on PMMA, the film crystallinity was strongly dependent on the film thickness. The growth was substantially enhanced by introducing an Al 2 O 3 intermediate seed layer between the polymer substrate and the ZnO film. The results show that even a thin Al 2 O 3 layer acts as a barrier against precursor diffusion into the polymer, and changes the surface topography as well as the crystallinity of the ZnO films grown by ALD. The ZnO surfaces showed degreasing water contact angles upon UV illumination on both Si and PMMA, independent of the film crystallinity. This enables the controlling of wettability of PMMA surfaces by ZnO thin film deposition. 
